Adipocytes promote progression of multiple cancers, but their role in pancreatic intraepithelial neoplasia (PanIN) and ductal adenocarcinoma (PDAC) is poorly defined. Nutrient transfer is a mechanism underlying stromal cell-cancer crosstalk. We studied the role of adipocytes in regulating in vitro PanIN and PDAC cell proliferation with a focus on glutamine metabolism. Murine 3T3L1 adipocytes were used to model adipocytes. Cell lines derived from PKCY mice were used to model PanIN and PDAC. Co-culture was used to study the effect of adipocytes on PanIN and PDAC cell proliferation in response to manipulation of glutamine metabolism. Glutamine secretion was measured with a bioanalyzer. Western blotting was used to study the effect of PanIN and PDAC cells on expression of glutamine-related enzymes in adipocytes. Adipocytes promote proliferation of PanIN and PDAC cells, an effect that was amplified in nutrient-poor conditions. Adipocytes secrete glutamine and rescue PanIN and PDAC cell proliferation in the absence of glutamine, an effect that was glutamine synthetase-dependent and involved PDAC cell-induced downregulation of glutaminase expression in adipocytes. These findings suggest glutamine transfer as a potential mechanism underlying adipocyte-induced PanIN and PDAC cell proliferation.
Introduction
Stromal cell-tumor crosstalk contributes to carcinogenesis. Study of tumor microenvironment stromal cells has focused on fibroblasts, but a growing literature implicates adipocytes. Peritumor adipocytes predict poor prognosis in multiple cancers [1, 2] , and adipocytes promote proliferation and invasion of multiple types of cancer cells in in vitro and in vivo models [3] [4] [5] [6] [7] [8] [9] [10] . Similar data support a role for adipocytes in PDAC: pancreatic steatosis in humans predisposes to PanIN, PDAC, and to more advanced disease [11, 12] , while human adipose tissue stem cells promote pancreatic cell proliferation and invasion in vitro [13] . Finally, pancreatic adipocytes are associated with PDAC progression in murine models [14] [15] [16] .
The mechanisms by which adipocytes promote cancer are unknown. An important candidate mechanism is reciprocal metabolic programming that promotes energy transfer from stromal cells to cancer cells. Such metabolic crosstalk has been demonstrated in fibroblast-tumor lactate shuttling in breast and prostate cancers [17, 18] , while reciprocal changes in lipolysis and fatty acid oxidation promote fatty acid delivery from adipocytes to ovarian cancer [8] .
Contents lists available at ScienceDirect Abbreviations: FCS, fetal calf serum; GPNA, L-glutamic acid-γ-p-nitroanilide-hydrochloride; Gln, glutamine; GSI, glutamine synthetase inhibitor; GLS, glutaminase; GDH, glutamate dehydrogenase; GS, glutamine synthetase; PanIN, pancreatic intraepithelial neoplasia; PDAC, pancreatic ductal adenocarcinoma; QRTPCR, quantitative real-time polymerase chain reaction n Correspondence to: Department of Surgery, Section of General Surgery, Uni-Many cancers are glutamine-dependent, including PDAC, which undergoes metabolic reprogramming towards a non-canonical glutamine catabolic pathway to produce NADPH for reducing capacity [19] . Transfer of glutamine from cancer-associated fibroblasts to breast cancer cells drives breast cancer cell proliferation, with reciprocal metabolic reprogramming that promotes glutamine synthesis in fibroblasts and glutamine catabolism in breast cancer cells [20] . A single report implicates adipocytes as a source of glutamine for cancer cells in the context of leukemia, with reciprocal induction of glutamine synthetase (GS) in adipocytes that promotes glutamine transfer to leukemia cells [21] . The specific effects of adipocytes on PDAC cells in vitro are poorly defined, and whether adipocytes provide glutamine to PDAC is unknown. The goal of this study was to define the effects of adipocytes on PanIN and PDAC cell proliferation and determine if adipocytes influence PanIN and PDAC cell proliferation via glutamine-dependent metabolic crosstalk, utilizing murine PanIN and PDAC cell lines and the murine 3T3L1 adipocyte line.
Methods

Cell culture
All cell culture was performed in standard tissue culture conditions of 37°C, 5% CO 2 . Mature 3T3L1 adipocytes were generated by culturing 3T3L1 preadipocytes (American Type Culture Collection, Manassas, VA, USA) in DMEM, 10% FCS, 500 μM IBMX, 1 μg/ ml insulin, 0.25 μM dexamethasone, 2 μM rosiglitazone for 3 days, followed by culture in DMEM, 10%FCS, 1 μg/ml insulin for 3 days, followed by culture in DMEM, 10% FCS for 7 days. Trypan Blue staining was used to determine adipocyte viability.
Murine PI34 and PD7591 cell lines are derived from a PanIN lesion (PI34) and a PDAC tumor (PD7591) from PKCY mice. The PKCY strain contains a codon-12 K-ras gene mutation, present in 95% of human PDAC tumors and a floxed p53 allele, expression of which is targeted to pancreatic epithelial cells via a Pdx1 promoter-driven Cre-recombinase gene, thus generating a pancreasspecific heterozygous p53 knockout on a mutant K-ras background. PKCY mice develop autochthonous PDAC by 18-20 weeks of age with histopathologic progression similar to human disease [22, 23] Monoculture and co-culture experiments with mature adipocytes, preadipocytes, and cancer cells were performed in DMEM, 0.5% FCS with indicated glucose and glutamine concentrations. Conditioned media was generated by culturing mature adipocytes or PI34/PD7591 cells for 72 h in substrate conditions matching the corresponding experiment, after which media was harvested and used in a 50:50 mixture with fresh media containing the same substrates as the conditioned media. The irreversible glutamine synthetase inhibitor L-methionine sulfoximine (Sigma-Aldrich Inc., St. Louis MO, USA) was used at 10 mM to pre-treat adipocytes for 24 h followed by thorough washing of adipocytes 3 Â with PBS prior to their use in co-culture. The glutamine exporter inhibitor L-glutamic acid γ-p-nitroanilide-hydrochloride (GPNA) (Sigma-Aldrich Inc.) was used at 1 mM and added directly to co-culture media, given that its effect is not irreversible, thus precluding pre-treatment of adipocytes prior to co-culture. 
Oil Red-O staining
QRTPCR
Equal amounts of input RNA prepared from cells using RNeasy kit (Qiagen, Inc., Germantown, MD, USA) were used for quantitative real-time polymerase chain reaction (QRTPCR). RNA was reverse-transcribed using a high capacity cDNA kit (Applied Biosystems, Inc., Foster City, CA, USA), and QRTPCR performed using transcript-specific Taqman primer-probes using actin as an endogenous control on an AB StepOnePlus Thermocycler (Applied Biosystems, Inc., Foster City, CA, USA). The 2 À ddCT quantification method was used to calculate fold-difference in transcript levels.
The following murine-specific primer-probes were used (ThermoFisher Scientific Inc., Rockford, IL, USA): peroxisome proliferator-activated receptor gamma (PPARg:Mm01184322_m1), fatty acid synthase (FASN:Mm00662319_m1), adipose triglyceride lipase (AGTL:Mm00503040_m1), sterol regulatory element-binding transcription factor 1c (SREBP1c, Mm00550338_m1), CCAAT/ Enhancer Binding Protein-alpha (CEBPa, Mm00514283_s1).
Western blotting
Adipocyte protein lysates in RIPA buffer (25-50 mg) underwent 7.5% SDS-PAGE gel electrophoresis, were transferred to PVDF membrane, blocked in TBSTþ5%BSA for one hour at 25°C, washed 3 times in TBST, incubated in TBSTþ1%BSA overnight at 4°C with primary antibodies specific for glutamine synthetase (rabbit polyclonal, 1:5000, ThermoFisher Scientific Inc., Rockford, IL, USA, Cat#PA1-46165), glutaminase (rabbit polyclonal, 1:1000, Abcam Inc., Cambridge, MA, USA, Cat#ab93434), or glutamate dehydrogenase (rabbit monoclonal, 1:1000, Abcam Inc., Cambridge, MA, USA, Cat#-ab166618), then washed in TBST and incubated with IRDye800-conjugated goat anti-rabbit IgG (1:10,000, Rockland Immunochemicals Inc., Gilbertsville, PA, USA, Cat#611-145-122) in TBST/1%BSA for one hour at 25°C. Parallel blots loaded with identical amounts of the same lysates were probed with actin-specific primary antibody (mouse monoclonal, 1:1000, ThermoFisher Scientific Inc., Rockford, IL, USA, Cat#MA5-15739) and Alexa Fluor 700-conjugated secondary antibody (goat anti-mouse IgG, 1:1000, ThermoFisher Scientific Inc., Rockford, IL, USA, Cat#A-20136). Densitometry was performed using an Odyssey Infrared Imaging System and software (LI-COR Biosciences Inc., Lincoln, NE, USA); densitometry signals for glutamine synthetase, glutaminase, and glutamate dehydrogenase were normalized to actin densitometry levels. 
Proliferation assay
Glutamine measurements
Glutamine levels were measured in cell culture media using an immobilized enzyme electrode-based YSI 2950 Biochemistry Analyzer (YSI Life Sciences, Inc., Yellow Springs, OH, USA) and normalized to levels in control medium not exposed to cells but treated identically (to control for evaporation) and to cell number. Cells numbers used matched those in the proliferation assay. Final media volume was raised to 1 ml per manufacturer's requirements for analysis on the bioanalyzer.
Statistical analysis
All statistical tests were two-tailed. All data were normally distributed. Independent t-test was used to compare outcomes of in vitro assays between mono-and co-culture arms and between media and treatment arms. Delta CT values were compared for statistical analysis of QRTPCR data. Error bars in figures are standard error of the mean.
Results
PanIN and PDAC cell proliferation is glutamine-dependent
3T3L1 adipocytes accumulate cytoplasmic lipid and up-regulate adipogenic genes (Fig. 1A) , and maintain 490% viability over 5-7 days in in vitro culture based on Trypan Blue staining (data not shown). We confirmed glutamine dependency of PanIN and PDAC cell (PI34 and PD7591 respectively) proliferation in monoculture in DMEM/0.5% FCS with 0 mM glutamine and variable glucose concentrations, or 0 mM glucose and variable glutamine concentrations, followed by XTT assay. Time-course experiments demonstrated peak proliferation at 72 h, the time-point used for subsequent experiments. In the absence of glutamine with glucose present, PanIN/PDAC cell proliferation was low, similar to proliferation in nutrient-poor media (DMEM/0 mM glucose/0 mM glutamine, 0.5% FCS as sole energy source); in the absence of glucose, in contrast, glutamine rescued PanIN/PDAC cell proliferation at levels as low as 0.05-0.1 mM (Fig. 1B) . Time-course experiments confirmed a positive proliferative trajectory in nutrient-poor media, albeit at lower levels than in nutrient-rich media (Fig. 1C) . Glutamine concentration in cell-free nutrient-poor media (DMEM, 0.5% FCS, 0 mM glucose, 0 mM glutamine) measured with a YSI bioanalyzer was o0.01 mM, demonstrating that 0.5% FCS is not a significant source of glutamine.
Adipocytes promote PanIN and PDAC cell proliferation
We studied the effect of undifferentiated 3T3L1 preadipocytes, mature 3T3L1 adipocytes, and 3T3L1 adipocyte-conditioned media on PanIN/PDAC cell proliferation in variable substrate conditions. Preadipocytes, adipocytes, and adipocyte-conditioned media induced modest PanIN/PDAC cell proliferation in nutrient-rich media. This effect of adipocytes and adipocyte-conditioned media (but not preadipocytes) was significantly amplified in nutrientpoor media (Fig. 1D ). These data demonstrate that while both preadipocytes and adipocytes promote modest PanIN/PDAC cell proliferation in nutrient-rich conditions, adipocytes predominate in nutrient-poor conditions.
Adipocyte-induced PDAC cell proliferation is glutaminedependent
We studied the role of glutamine in adipocyte-induced PanIN/ PDAC cell proliferation in nutrient-poor conditions using L-methionine sulfoximine, an irreversible inhibitor of glutamine synthetase, or GPNA, an inhibitor of cellular glutamine export. PDAC cells in monoculture in DMEM/0.5%FCS/0 mM glucose/4 mM glutamine were studied as a positive control. Adipocytes rescued PanIN/PDAC cell proliferation in the absence of glutamine to a significantly greater degree than preadipocytes. Inhibition of adipocyte glutamine synthetase with L-methionine sulfoximine abrogated adipocyte-induced PanIN/PDAC cell proliferation in the absence of glutamine, as did inhibition of glutamine export with GPNA (Fig. 1E ). These data demonstrate that adipocyte-induced PanIN/PDAC cell proliferation is glutamine-dependent, and that inhibition of glutamine synthetase or glutamine exporter function in adipocytes abrogates adipocyte-mediated rescue of PDAC cell proliferation in the absence of glutamine.
Adipocytes secrete glutamine; PDAC cells down-regulate adipocyte glutaminase expression
We confirmed glutamine secretion by adipocytes by directly measuring glutamine with a YSI bioanalyzer. Adipocytes in DMEM/ 0.5%FCS/0 mM glucose/0 mM glutamine secreted glutamine at levels of $ 0.2 mM; preadipocytes secreted nominal levels of glutamine in identical culture conditions; a trend towards modest increased glutamine secretion by mature adipocytes was observed in response to culture with PanIN/PDAC cell-conditioned media ( Fig. 2A) . To determine if PDAC cells regulate adipocyte glutamine metabolism, we studied adipocyte expression of glutamine-related enzymes in response to PanIN/PDAC co-culture with Western blotting. Relative to adipocytes in monoculture, glutaminase expression was reduced in adipocytes co-cultured with PDAC cells, but not PanIN cells. Adipocyte glutamine synthetase or glutamate dehydrogenase expression was not regulated by PanIN or PDAC cells (Fig. 2B) .
Discussion
Adipocytes promote in vitro and in vivo progression of multiple cancers [3, 7, 10, 24] . Only a few studies implicate adipocytes in PDAC [11, 13, 15] . Our data add to this sparse literature. PanIN/PDAC cell proliferation was glutamine-dependent in the murine cell lines we studied, observations that led us to explore whether adipocytes promoted proliferation in the cells and whether glutamine transfer contributed to this effect. We demonstrate that 3T3L1 adipocytes promote murine PanIN and PDAC cell proliferation in nutrient-poor conditions via glutamine shuttling. Adipocytes promoted modest PanIN/PDAC cell proliferation in nutrientrich conditions, but this effect was markedly amplified in nutrientpoor conditions, simulated in these experiments with low serum (0.5%FCS), 0 mM glucose, 0 mM glutamine media. While in vitro culture does not perfectly model in vivo conditions, the in vivo PDAC tumor microenvironment has been shown to be characterized by low energy substrate availability [25] , and we demonstrate positive proliferation trajectories of PanIN/PDAC cells in nutrientpoor media. Taken together these observations suggest that the effects we observed in the nutrient-poor culture conditions we studied are clinically relevant, and that adipocytes act as an energy source for PDAC cells primarily in conditions of nutrient scarcity. Of interest, proliferation in the PI34 and PD7591 cell lines was glutamine-dependent but not glucose dependent, suggesting that glutamine plays a more important role than glucose in proliferation of PanIN and PDAC cells in such conditions. Identification of the source of glutamine secreted by adipocytes will require further study, but glutamine may derive from catabolism of lipid stores, an explanation consistent with the observed secretion of glutamine by adipocytes but not preadipocytes, the latter lacking substantial lipid stores.
Adipocyte co-culture promoted PanIN/PDAC proliferation to a greater extent than adipocyte-conditioned media, suggesting that reciprocal crosstalk underlies at least some of the proliferative effects of adipocytes. Prostate and breast cancer cells regulate fibroblast lactate exporter expression to promote lactate shuttling [26] . Reciprocal regulation of lipid metabolism promotes fatty acid shuttling between adipocytes and ovarian cancer cells [8] . Fibroblasts and breast cancer cells engage in glutamine shuttling [20] , and a single report demonstrates glutamine shuttling between adipocytes and leukemia cells via regulation of adipocyte glutamine synthetase [21] . Glutamine is an important energy substrate for PDAC [19] . We demonstrate that 3T3L1 adipocytes secrete glutamine and that inhibition of glutamine cell export or glutamine synthetase abrogates adipocyte-induced PanIN/PDAC cell proliferation, confirming glutamine as an underlying mediator of this effect. Furthermore, PDAC cells decreased glutaminase expression in adipocytes, which would be expected to inhibit adipocyte glutamine catabolism and increase glutamine secretion, suggesting a mechanism of reciprocal crosstalk (Fig. 2C) . No such effect was observed with PanIN cells, suggesting that PDAC influences adipocyte glutamine metabolism to a greater degree than PanIN, and that the growth-promoting effects of adipocytes on PanIN cells, unlike PDAC cells, appear to be glutaminase-independent. Adipocytes constitutively secreted glutamine in monoculture, suggesting that glutamine secretion is not completely dependent on regulation by PanIN or PDAC cells. Furthermore and of importance, adipocytes induced PDAC cell proliferation in glutamine-free conditions to a greater extent than in PDAC cell monoculture in the presence of glutamine, suggesting that mechanisms in addition to glutamine transfer underlie at least some component of adipocyte-induced PDAC cell proliferation. Further research will be required to elucidate such mechanisms, which may include other nutrients, adipokines, and other adipocyte-derived mediators. This focused study does not rule out regulation of glutamine or other metabolic pathways at posttranslational or functional levels, nor does it rule out other energy substrates (e.g. lipids) or mechanisms (e.g. adipokines) as mediators of adipocyte-PanIN/PDAC crosstalk, nor activation of oncogene gene expression (for example glutamine-mediated activation of kRas, for which precedent exists [27] ), issues that will require further research. Nonetheless, taken together, our observations suggest that glutamine shuttling underlies adipocyte-induced PanIN/ PDAC cell proliferation in nutrient-poor conditions and that reciprocal metabolic crosstalk contributes to this effect in adipocyte-PDAC interactions, with down-regulation of adipocyte glutaminase expression in response to PDAC cells.
Mature adipocytes, preadipocytes, or both promote breast, colon, and prostate cancer cell proliferation [3, 5, 7, 28, 29] . A single report demonstrates that human preadipocytes induce PDAC cell proliferation; these investigators did not study mature adipocytes [13] . We demonstrate that both 3T3L1 preadipocytes and mature 3T3L1 adipocytes promote modest PanIN/PDAC cell proliferation in nutrient-rich media, but that proliferation in response to mature adipocytes but not preadipocytes increased significantly in nutrient-poor media. These findings suggest that nutrient transfer underlies the proliferative effects of mature adipocytes in nutrient-poor conditions, but other mechanisms, including possible preadipocyte effects, may be active in nutrient-rich conditions. This is one of only a few reports demonstrating a role for adipocytes in promoting PanIN/PDAC cell proliferation and the first to demonstrate glutamine shuttling between adipocytes and PanIN/ PDAC cells. These data suggest glutamine metabolism as a target for further research into adipocyte-PDAC interactions. 
